Motor evoked potentials (MEPs) following transcranial magnetic stimulation (TMS) show a trial-to-trial variation in size at rest that is positively correlated for muscles of the same, and opposite, upper limbs. To investigate the mechanisms responsible for this we have examined the effect of voluntary activation on the correlated fluctuations of MEP size. In 8 subjects TMS was concurrently applied to the motor cortex of each hemisphere using two figure-8 coils. MEPs (n=50) were recorded from left and right first dorsal interosseous (FDI), abductor digiti minimi (ADM) and extensor digitorum communis. At rest, MEPs were significantly positively correlated for pairs of muscles of the same (75% of comparisons) and opposite limb (56% of comparisons). The correlation for within-limb muscle pairs was strongest for FDI and ADM. In contrast, betweenlimb MEP correlations showed no somatotopic organisation. Voluntary activation reduced the strength of MEP correlations between limbs, even for muscle pairs which remained at rest while a remote upper limb muscle was active. In contrast, activation of a remote muscle did not affect the strength of MEP correlation for muscle pairs within the same limb that remained at rest. For within-limb comparisons, activation of one or both muscles of a pair reduced the strength of the MEP correlation, but to a lesser extent than for between-limb pairs. It is concluded that the process linking corticospinal excitability in the two hemispheres is suppressed during voluntary activation, and that different processes contribute to common fluctuations in MEP size for muscles within the same limb.
Introduction
The functional properties of corticospinal projections to human muscles can be studied with transcranial magnetic stimulation (TMS) (Rothwell 1997; Rothwell et al. 1991) . Activation of the motor cortex with TMS produces muscle evoked potentials (MEPs) in target muscles that vary in amplitude from stimulus to stimulus (Amassian et al. 1989; Brasil-Neto et al. 1992; Britton et al. 1991; Kiers et al. 1993) . Fluctuations in cortical excitability are believed to contribute to this variability (Burke et al. 1995; Ellaway et al. 1998; Funase et al. 1999) .
In humans, motoneurons of distal muscles in the upper limb receive strong monosynaptic projections from the motor cortex. This is the corticomotoneuronal (CM) component of the corticospinal projection. The majority of CM cells 6 later off-line analysis. In addition, EMG signals from left and right FDI were recorded on a four-channel pulse-code modulated data recorder (Vetter 400, A.R.
Vetter co., Pennsylvania, USA) sampling at 22kHz/channel. The remaining two tape channels were used to record abduction force from either left or right index or 5 th digit, depending on the task performed.
Transcranial magnetic stimulation
TMS was applied using one or two magnetic stimulators (Magstim 200) , each connected to a figure-of-eight stimulating coil with outer coil diameters of 90 mm.
Separate tests were performed using either one stimulator (single TMS protocol) or two stimulators (dual TMS protocol) . For the single TMS protocol, one coil was placed over the motor cortex contralateral to the test limb. For the dual TMS protocol, the coils were held separately by two individuals over either side of the subject's head. The coils were positioned over the motor cortex with the handle at right angle to the parasagittal plane, and the centre of the figure-8 coil positioned approximately 5 cm lateral to the vertex. The direction of current induced in the brain under the cross over region of each coil therefore flowed in a lateral to medial direction. The same stimulus conditions were used by Ellaway et al. (1998) , and allowed room for both coils to be positioned on the head without overlap. TMS intensity and coil position were adjusted until clear responses were observed in all 6 muscles. TMS resting threshold (T) was determined for left and right FDI as the lowest stimulus intensity producing a 50 µV MEP in 3 out of 5 consecutive stimuli. For the test responses, TMS intensity was adjusted to produce MEPs in resting muscles in all trials, and of similar size in each hand.
The FDI MEP area averaged around 10mV.ms, which is approximately 25% of the maximum M-wave elicited in this muscle (see Semmler and Nordstrom 1998 ). Some subjects were tested with two stimulus intensities. Test TMS intensity averaged 1.3 T for the 8 subjects.
In preliminary experiments, we found that the size of the MEP elicited in FDI, ADM and EDC by TMS applied to the contralateral M1 was not influenced by suprathreshold TMS applied to the ipsilateral M1 between 0 and 5 ms earlier (Pearce 2003) . This result means it is unlikely that ipsilateral corticospinal projections contributed to the size of MEPs elicited during dual TMS, or that interhemispheric effects influenced the MEP at these interstimulus intervals (cf. Ferbert et al. 1992) . Even with simultaneous discharge of the two stimulators there was no interaction between the two magnetic fields which affected MEP size. However, to keep the dual TMS experimental conditions consistent with those used by Ellaway et al (1998) , the stimulators were discharged with an interstimulus interval (ISI) of 1 ms for the main series of experiments.
Protocol
Subjects were seated comfortably with the forearms supported on a table and each hand secured in a manipulandum. EMG activity from left and right FDI and ADM muscles was displayed on oscilloscopes in front of the subject. EDC activity was monitored by the experimenters throughout the entire protocol. Force transducers were positioned on either side of the hands so that subjects could contract FDI and/or ADM in abduction of the 2 nd or 5 th digit, respectively, to a target of 0.5 N. This is a low-level activation, amounting to less than 2% MVC for FDI. Subjects were given visual feedback of force on an oscilloscope.
Trial-by-trial fluctuations in MEP size
TMS (n=50, <0.02 s -1 ) was given in trials of single (one hemisphere) or dual stimulation (both hemispheres, 1ms ISI) during various tasks. These were:
1. All muscles at rest 2. Activate FDI muscle in one hand (0.5 N index finger abduction).
3. Activate FDI muscles on both sides (0.5 N index finger abduction with each hand). 4. Activate both FDI and ADM muscles in one hand (0.5 N abduction performed with 2 nd and 5 th digit).
The order of the tasks was randomised for each experiment. During activation tasks 3 and 4 the TMS intensity was reduced for the coil contralateral to the active muscles, so that MEP amplitude in the active muscles matched the rest MEP. EMG from all muscles was monitored continually throughout the experiment to ensure that the subjects successfully performed the activation tasks. Care was taken to ensure that the muscles not involved in the activation task remained inactive. Two subjects were unable to successfully activate FDI and ADM together, and their data from this task were excluded.
Data Analysis

TMS Thresholds
TMS resting thresholds for left and right FDI were expressed as % maximum stimulator output (MSO), and compared using paired t-tests ( =0.05)
Analysis of trial-by-trial variation in size of MEPs elicited in pairs of muscles
TMS intensity was adjusted to produce a MEP in all muscles at rest on all trials. TMS intensity was reduced during tasks 3 and 4 to match the size of the MEP in the active muscle to its value at rest. As a consequence, the MEPs could be smaller in the resting muscles of the same limb. Only data from muscles with MEPs on > 75% of trials were used for analysis.
For each muscle, the averaged MEP was calculated for the 50 trials, and cursors were used to identify the onset and duration of the MEP. The epoch identified in this way was used to measure the area of MEPs for each of the 50 trials contributing to the average. The mean and standard deviation (SD) of MEP area was calculated for the 50 trials, and the coefficient of variation (CV; SD/mean) was used as a measure of the variability in MEP size. One way ANOVA ( =0.05) was used to compare the CV of MEPs from the three muscles. Student's t-tests ( =0.05) allowed a comparison between CV of MEPs in resting and active muscles, and when single or dual TMS were used (see Table 1 ). 
Linear regression analysis was
Results
MEP thresholds
Resting TMS threshold for right FDI was 46 ± 3% of maximal stimulator output, and for left FDI was 50 ± 4%, an insignificant difference (paired t-test, p>0.05, n = 8). Fig. 1 shows an example of the variability in MEP size for ten consecutive stimuli, recorded concurrently from left and right FDI in one subject with the dual TMS protocol. Data are shown with both muscles at rest (left), and active (right).
MEP variability
There was considerable variability of MEP size from trial to trial for each muscle under rest and active conditions. At rest, there was a clear correlation in size of MEPs in left and right FDI in different trials. This was not evident with both FDI muscles active. Table 1 summarises the MEP variability for all muscles at rest and when active.
Fig 1 near here
In the upper half of the Table the data are separated according to muscle and side of body; there was no difference in MEP variability between sides (t-tests, p>0.05). In the lower half of the Table the data from each muscle are separated according to whether single or dual TMS were used; MEP variability was equivalent with the two forms of stimulation (t-tests, p>0.05). MEP variability differed between the three muscles (one way ANOVA, p<0.05), and post-hoc ttests showed that the variability in EDC was significantly less than the variability in ADM (p<0.01). MEP variability was reduced when the muscles were active, compared to when they were at rest (t-test, p<0.05). When all muscles were at rest, there were significant positive correlations in MEP size for 20 of 36 comparisons (56%) of homonymous muscle pairs between limbs (mean r 2 = 0.16 ± 0.02), and in 33 of 59 between-limb comparisons (56%) of heteronymous muscle pairs (mean r 2 = 0.13 ± 0.02). When both muscles of the pair were at rest, but one or more other muscles were activated, the incidence of significant correlations was reduced to 20% for homonymous muscle pairs (mean r 2 = 0.06 ± 0.02) and 28% for heteronymous muscle pairs (mean r 2 = 0.07 ± 0.01).
Between-limb comparisons of MEP size fluctuations
When one muscle of the pair was active, there were significant positive correlations in only 1 of 19 (5%) comparisons for homonymous pairs, and 4 of 59 (8%) comparisons for heteronymous pairs. When both muscles involved in the between-limb comparison were active, there was no significant correlation between the MEPs in those pairs (0 of 4 regressions were significant).
Within-limb comparisons of MEP size fluctuations
Trial-by-trial fluctuations in MEP size were often significantly correlated between FDI, ADM and EDC muscles within the same limb at rest. In contrast to the between-limb comparisons, within-limb comparisons of MEP size frequently remained significant when one or both muscles of the pair were activated. Fig. 4 shows examples of the MEP regression analysis for FDI and ADM of the same hand at rest and during activation of one or both muscles. At rest there was a significant correlation in MEP size fluctuations in the two muscles (r 2 =0.33, p<0.001). During FDI abduction, when ADM was at rest, MEP areas were still significantly correlated in the two muscles (r 2 =0.16, p<0.005). Similarly, during activation of both FDI and ADM, MEP areas were significantly correlated for these muscles (r 2 =0.08, p<0.05).
Fig 4 near here
The data in Fig. 4 are representative of within-limb pairs in all subjects. With both muscles of the pair at rest, and no other muscles active, 75% of 100 comparisons showed a significant positive correlation of MEP size (mean r 2 = 0.19 ± 0.05). When both muscles of the pair were at rest but another muscle within the same hand was active, mean r 2 was 0.13 ± 0.02, and 12 out of 18 regressions (67%) were significant. When both muscles of the pair were at rest, but muscle(s) in the opposite hand were active, mean r 2 was 0.19 ± 0.02, with 27 out of 35 regressions (77%) significant. When one muscle of the pair was active and the other at rest, mean r 2 was 0.12 ± 0.02, and 34 out of 63 regressions (54%) were significant. When both muscles of the pair were active, mean r 2 was 0.12 ± 0.04, and the regressions were significant in 5 out of 12 (52%) cases. Since the r 2 values were reduced similarly for between-limb muscle pairs during activation of a remote muscle or with activation of one or both muscles of the pair used for the regression (Fig. 5) , the data from all tasks involving voluntary activation were grouped ("during tasks"). Two way ANOVA revealed no significant difference in r 2 values for the various muscle pair combinations, but showed a significant reduction in r 2 during the activation tasks, compared to rest (p<0.001). There was a significant interaction effect between task and muscle pair (p<0.05), and post hoc analysis revealed that the effect of task was significant for FDI-FDI, EDC-EDC, FDI-ADM and FDI-EDC (Bonferroni t-test, p<0.005). 
Different effects of voluntary activation on MEP correlation for between-and within-limb muscle pairs
Discussion
The present study involved the analysis of MEPs from various hand muscles on a trial-by-trial basis to quantify the co-variance of MEP size fluctuations between muscle pairs on opposite sides of the body, and for muscles within the same limb.
The results show that when all muscles are at rest there are significant correlations in MEP size for muscles within the same upper limb (75% of comparisons), and in opposite limbs (56% of comparisons). The process responsible for the common fluctuations in MEP size within the same limb shows a degree of somatotopic organisation, being stronger for the FDI-ADM muscle pair than for pairs involving EDC. In contrast, the process responsible for common fluctuations in MEP size between muscles of opposite limbs showed no somatotopy. For between-limb comparisons, there was no significant difference in strength of MEP correlation for homonymous and heteronymous muscle pairs, nor for any particular combination of muscle pairs. The most striking difference in the correlation of MEP size fluctuations for within-limb and between-limb muscles was seen during voluntary activation. MEPs of muscles of the opposite limbs are positively correlated at rest, but this is greatly reduced with activation of one or both muscles of the pair, or if the muscles remain at rest while a remote muscle is activated. In contrast, for muscles within the same limb, the correlation of MEP size fluctuations was only slightly reduced by muscle activation, and only when one or both muscles of the pair were active. Taken together, these data suggest that the process responsible for common fluctuation of MEP size is different for muscle pairs within the same limb than for muscle pairs in opposite limbs.
MEP variability
It is well known that the MEP resulting from TMS exhibits considerable variability in size with each stimulus (Amassian et al. 1989; Brasil-Neto et al. 1992; Britton et al. 1991; Kiers et al. 1993) . The variability in MEP size is usually quantified using the coefficient of variation (CV; standard deviation divided by the mean). The CV values reported in the present study are within the ranges reported in previous studies of MEP variability (Ellaway et al. 1998 , Kiers et al. 1993 . MEP variability was reduced in the active state (Table 1) , in accordance with previous observations (Kiers et al. 1993 ). The reason for the slightly lower MEP variability in EDC than ADM is not clear (Table 1) 
Co-variation of MEP size fluctuations in muscles of opposite limbs
Using a similar protocol, we confirm previous observations that near-synchronous The principal novel finding of the present study is that when a voluntary contraction is performed, the MEP size fluctuations are decoupled between limbs.
This was the case even if the muscle pair remained at rest, and a remote muscle was active in an upper limb (Fig. 5 ). It might be argued that the weaker MEP correlations with muscle activation could be due to a worsened signal to noise ratio as the MEP is superimposed on the EMG interference pattern in the active state. However, MEP variance actually declined in the active muscles (Table 1) .
Altered signal-to-noise ratio in the EMG could not explain the weaker MEP correlation for between-limb pairs which remained at rest while a remote muscle was active (Fig. 5) . A similar reduction of MEP correlation strength was observed for between-limb pairs when one or both muscles of the pair were active, suggesting that the presence of background EMG did not have a major influence on the MEP correlations. We conclude that the process synchronizing corticospinal neuron excitability fluctuations in the two hemispheres is suppressed by voluntary activation. This suppression is global, and extends to corticospinal neurons controlling muscles that are not engaged in the task.
It is unlikely that ipsilateral corticospinal projections contributed to the correlated MEP fluctuations between limbs because 1) these pathways are weak and difficult to activate with TMS for hand muscles (Ziemann et al. 1999; Wassermann et al. 1991) , and 2) MEP size was no different with dual or single TMS. Transcallosal 
Co-variation of MEP size fluctuations for muscles within the same upper limb.
The present study has confirmed that MEP size fluctuations are correlated for muscles within the same upper limb. While this has been reported previously under resting (Ellaway et al. 1998 ) and active (Schieppati et al. 1996) conditions, the present study is the first to quantify the effects of voluntary activation on the correlation strength. In addition, we have shown that the correlation of MEP size fluctuation for muscles within the same limb is higher for the intrinsic muscle pair FDI and ADM, than for these muscles paired with the extrinsic muscle EDC. 
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We have shown that MEP size fluctuations within the same upper limb are more strongly coupled for FDI and ADM (mean r 2 = 0.26 with both muscles at rest) than for pairings involving those muscles and EDC (mean r 2 = 0.16 & 0.17 with both muscles at rest). This might reflect different patterns of CM cell branching, or different degrees of synchronization of excitability fluctuations in distinct populations of corticospinal neurons controlling the muscles. CM effects are more prominent for intrinsic hand muscles than extrinsic muscles (Buys et al. 1986 ), however there are insufficient data on the relative incidence of shared CM projections to these muscles to draw any conclusions in relation to the present findings (see Buys et al. 1986; Porter and Lemon 1993) . Given that similar strength MEP correlations are seen with between-limb muscle pairs which lack branched-axon CM input, it is likely that synchronous fluctuations in excitability of corticospinal neurons and/or their presynaptic inputs contributes to the withinlimb MEP correlations. Our results show that such a synchronizing influence must be different for corticospinal neurons within the same hemisphere compared to that operating between hemispheres because the latter is suppressed by remote muscle activation while the former is not. 
Figure legends
